Abstract This article describes the results of multidirectional research on the flammability and heat properties of rigid polyurethane-polyisocyanurate foams (PUR-PIR). They were produced, using new three polyols (citrates) obtained from 2-hydroxypropane-1.2.3-tricarboxylic acid (citric) and selected diols: propane-1.2-diol (with and without a catalyst) and pentane-1.5-diol (with catalyst). The esterification products enabled the creation of PUR-PIR foams. Their oxygen index and retention were comparable to the non-modified foam. Foam flammability was measured in the new products with the compound. It has been confirmed that the foam modification does not affect its oxygen index, which was about 24%. The retention (residue after burning foams) was in the range of 80-96%. It has been estimated that the addition of citrates shortens the PUR-PIR foam burning time. The addition of 0.1 or 0.3 eq. of the new compounds caused the prolongation of the occurring time for the maximum temperature during burning, from 13 s (reference foam without citrate) to 14 s (foam obtained from citrate synthesized from citric acid and propane-1.2-diol with no catalyst). It also shortened the time to 11 s (foam with citrate synthesized with propane-1.2-diol, using catalyst) and to 10 s (foam included citrate obtained from citric acid and pentane-1.5-diol, with catalyst). The ratio of HRR max value to the time in which it was reached is in the range of 9.14-11.75 k W/m 2 s. There was no observable correlation between the oxygen index (OI) and the amount of citrate in the foam. After the modification of PUR-PIR foam with citrate compounds, similar IO values can be observed in the range of 23.8-24.0% (for reference foam was 23.9%).
Introduction
Polyurethanes (including foams) are widely used in various fields. Most often they are used in construction (construction materials and technologies, appliances, interior decoration and equipment), in household appliances and audio/video devices, and also as packaging and in transport industries [1] . Because of their wide use in construction, it is very important that the materials match the restrictions of the building. They need to be designed to ensure limited spread of flame and smoke inside a building, as well as the neighboring buildings, in case of fire [2] . Fires can be caused not only by the type of used materials, but also by the way of their storing. Foam polymers are easily consumed by the flame due to their developed surface [3, 4] . When porous materials burn (e.g. polyurethane foams), the fire progression is very rapid. The materials start undergoing thermal disintegration at relatively low temperatures-around 180-400°C. Heat, smoke, soot and toxic gases are generated (products of thermal oxidation decomposition, and complete and not complete burning). The flame burning process of polymers and the formation of flammable compound over its surface are the deciding factors in fire expansion in closed spaces [5] [6] [7] [8] . Human life depends on the fire type, concentration and conditions [9] .
The improvement of requirements in polyurethane properties is mostly driven by the need to decrease the flammability of the materials [9] and fire attributes [10] [11] [12] . Fire attribute is a numerical value, a function of parameters in a composition for which they are measured. The following are included: heat release rate (HRR), smoke extinction area (SEA), the toxicity of burning gas products, the degree of residue charring [Char yield (CY)], material combustibility and burning index (BI). It has to be noted that the shape of HHR curve is dependent on the sample's thickness. Thin elements burn fast and intensively, and the type of material they are made of almost does not matter [5, [11] [12] [13] [14] . From fire perspective, a polymer is safer if it has lower HRR and SEA values and higher OI (oxygen index), CY and retention (mass remaining after burning).
One component has a high influence on the shaping of PUR properties-the polyol. The appropriate polyol results in expanded surface layer, which insulates thermally the following polyol layers and does not allow the fire to access them [9, 15, 16] . Polyols containing phosphorous, nitrogen or halogens, flame retardant compounds bonded with polymer during synthesis or cross-linking, are usually used for polyurethane production. In general, making materials flame retardant is a process of their self-extinguishing or their non-flammability, due to high thermal stability and low heat release abilities [10] . The burning of 1 kg of polyurethane foam in 30 m 3 room can cause life threatening fume concentration to be exceeded after 90 s. Around 0.03-0.05 m 3 of hydrogen cyanide is produced [9, 17] . In addition, CO, CO 2 , NO 2 are created during foam burning, and diisocyanates are produced during the decomposition. Additionally, the surface active compounds (silicones) present in polyurethanes emit SiO 2 and HCOOH [18] . The threat is dependent on their type, concentration, exposure time in the polluted atmosphere and physical health of a human being. Other factors include fire conditions, i.e. space dimensions, fire hazard, the degree of flammable material fragmentation, ventilation. The absorption can happen via respiratory tract, gastrointestinal tract and skin [12, 17] .
Materials, such as rigid polyurethane foams, undergo a so-called oxidation. They do not soften and to not melt, however, create a hard porous charred structure [5] . Polymers modified to be flame retardant usually generate larger volumes of thicker smoke during fire than non-modified polymers. When synthesizing materials used in areas which are directly life threatening, there needs to be a balance between their functionality and potential fire risk. That is why researches are being conducted on new types of retardants based on tin compounds, synergic combinations of nitrogen and phosphorous [4] and manganese, molybdenum, boron or silicon [19] [20] [21] [22] [23] [24] . Nowadays, the most common method of making materials flame retardant is using nanofillers and thus creating a so-called nanocomposite [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . Because the amount of added nanofillers is so small, there is a chance that the strength properties will not suffer. Polymer nanocomposites have also better thermal stability in comparison to the flame retardant polymers produced with traditional methods. During their burning, less carbon monoxide and soot is being produced [36] [37] [38] [39] [40] .
Thermal resistance and stability determine the thermal characteristics of the polymers [5] . Thermal stability is the temperature in which chemical destruction of the polymer starts. Thermal resistance is the maximum temperature in which the material retains its useful mechanical properties. When comparing the burning products of wood and polyurethane foam which have not been made flame retardant, it has been determined that there is no significant difference between the smoke toxicity from either one of the burning materials. The toxicity of volatile products of their burning is in the proximity of the toxicity of regular burning materials used for heating [41] .
The article is a continuation of the publications in Polymer Bulletin [42] and in Chemical Engineering and Equipment [43] and other [44] [45] [46] [47] , which discusses preparation, construction and structure of the new compounds. The aim of the conducted research was the production of new polyols for rigid PUR-PIR foams and creating new recipe for obtaining polyol premix. These main compounds were obtained using citric acid, cheaper than the ones currently used on the market: adipic acid, phthalic anhydride, AGS (a mixture of carboxyl acids), vegetable oils, castrol oil. Rated properties of foams (flammability and thermal properties) with novel compounds. The presented article examines the effect of the new compounds on the foam flammability and the softening point. The aim of the study was to determine the new E compounds (cheaper and greener than the industrial ones) which do not impair the selected properties of the foams compared to the properties of foam blown with only the petrochemical polyol.
Experimental Materials
Oligoesterol with trade name Rokopol RF551 poly(oxypropylene)diol with hydroxyl number 420 mg KOH/g, molecular weight = 660) product of Chemical isobutyl (Tyzor TPT) in the amount of 0.06% (E14) or 0.04% (E16), was used as the catalyst in the synthesis. The general scheme of the esterification of 1 mol of CA with 3 mol of diol can be presented as the following (Scheme 1). According to this scheme synthesized E15 and E16 products.
(1)
E14 product obtained according to Scheme 2 (1 mol CA reacted with 4 mol of the diol). It was noticed, that the amount of distilled water is greater than the expected amount calculated based on the reaction's stoichiometry. This can be a sign of additional esterification reaction of the obtained hydroxyalkyl citrates with the nonreacted carboxyl groups of the neighboring particles. In addition, ethers can be created between the hydroxyl group of citric acid and the used glycol. It has been verified that the structure of the obtained products is more complex and, in one particle, can contain multiple structural fragments of citric acid and O-R-O bridges connecting citric acid's particles.
The acid number (AN) of the obtained E14 product equals 52 mg KOH/g. This proves that the product contains not-reacted carboxyl groups. Based on the AN value, it is possible to calculate in what mass of the structural fragment is the carboxyl group (Scheme 3):
where 52 is the acid number of E14. The provided calculations show that it is a much greater mass than the mole mass of the E14 citrate, obtained according to Scheme 1 tri(hydroxyalkyl) (citrate). Based on that, it can be deduced that during the esterification, subsidiary reactions of step-growth polymerization of citric acid and diol particles occur. It is possible to calculate how many particles (moles) of citric acid comprise the composition of the structural fragment containing 1 mol of carboxyl groups (according to Eq. 4). If x marks the number of citric acid moles and it is assumed that water is produced during step-growth polymerization reaction, it can be stated that (Scheme 4):
where x is the number of citric acid moles in a 1078.8 g structural fragment. n is the number of moles for the water produced as a result of additional step-growth polymerization or etherification. 192 is the molar mass of citric acid. 76 is the molar mass of propane-1.2-diol. 18 is the molar mass of water. Assuming that ''n'' can equal from 1 to 4, a value from 2.4 to 2.27 is calculated (assuming x = 2). Based on the value of the hydroxyl number of the obtained product, it can be estimated how many moles of hydroxyl groups (y) are in the analyzed structural fragment according to Scheme 5:
where 280 is the hydroxyl number of E14. Knowing that 2 mol of citric acid react with 6 mol of diol (propane-1.2-diol), and that in the obtained product there is 1 mol of carboxyl groups and around 5 mol of hydroxyl groups, an approximate structure of the obtained product can be suggested (Scheme 6, E14 product):
Using similar methods, the following structural formulas for E15 (Scheme 7) and E16 (Scheme 8) were determined:
where
where R = -(CH 2 ) 5 -.
Synthesis of rigid PUR-PIR foams
Rigid PUR-PIR foams were produced using one-stage method from the twocomponent system according to the prepared recipes ( Table 2) . Polyol (Rokopol RF 551) was placed in one polypropylene container with 0.5 dm 3 volume. The same container was used for pouring polyol mixtures: Rokopol with E14 (foam series 14.1-14.5), or with E15 (foam series 15.1-15.5), or with E16 (foam series 16.1-16.6), along with auxiliary substances added to it. Electrical stirrer with 1800 rpm rotation speed was used. This was the process of producing polyol premixes (A component) which further contained: Silicon Tegostab 8460-1.5 wt%, DABCO-0.9 wt%, Catalyst 12-2.1 wt%, Roflam P-15 wt%, Water-0.7 equivalent (eq.) The second container was used for measuring polyisocyanate (component B in amount 3.7 eq.). Then, the premixes were thoroughly mixed with component B using the stirrer for 10 s. The reaction proceeds according to Scheme 9.
The mixture was put into a mould and the foam rising was observed. Open mould was used for the research, which is made of 3 mm thick steel with internal dimensions of 250 9 250 9 30 (mm). A so-called free rising took place in the mould. In the first stage, the standard foam (W reference foam) was produced, which did not contain any of the new compounds. Then the subsequent foams were created which contained from 0.1 to 0.5 eq. of one of the obtained polyols E14, E15 and Expansion time-time measured until the moment of reaching maximum foam volume. Gelation time-time measured until the moment of the foam free surface stops sticking to clean glass rod. The explanation of equivalent (eq.) was incorporated in previous articles, among others [40, 42] .
Analytical methods for raw materials for foams
The raw materials used for the production of polyurethane materials need to have appropriate processing characteristics. They have significant meaning during the creation of the recipe for foam premixes, and during parameter determination for the production of polyurethane materials. Polyether and diisocyanate were characterized according to standards: ASTM D 2849-69 and ASTM D 1638-70. The examination of E14, E15 and E16 polyols was mostly focused on determining the hydroxyl number, the percentile amount of water and acid number. The hydroxyl number influences the amount of isocyanate necessary for creating urethane bonds. The amount of water in the polyol is needed for balancing the amount of water necessary for the foaming process. The acid number allowed for determination of chemical formula of the polyols. Hydroxyl number was performed according to WT/06/07/PURINOVA formula, Purinova Bydgoszcz. The water content was tested by Karl Fisher (PN-81/C-04959), in which the solvent used was a mixture of methanol and carbon tetrachloride in a 1:3 ratio, the titration reagent Combo. Marking is to dissolve the appropriate test portion of the product in Titraqual (Titrant for Titration) and potentiometric titration of the solution to the equivalence point.
Analytical methods for foams
The apparent density of the examined foams was determined as the ratio between foam mass to its geometrical volume, using cube samples with 50 mm edge, in compliance with ISO 845-1988 standard. The behavior of the obtained foams in flame was determined with the following tests:
(a) Simplified flammability test chimney test (test vertical-Butler) according to ASTM D3014-73. Apparatus used for the flammability test of the vertical test consists of a vertical column with dimensions 300 9 57 9 54 (mm) which three walls are made of sheet metal, and the fourth is a movable window. The assay was performed on 6 samples with dimensions of 150 9 19 9 19 mm. Before combustion of the sample was weighed to an accuracy of 0.0001 mm, and then placed inside the chimney. Founded window and the sample were applied on the flame of the burner fueled by propane-butane at the time of 10 s. Then the torch moved away and stopwatch measured the time free samples of smoking and retention (residue after burning) in the vertical test. The retention was calculated according to the equation (Scheme 10):
where R is the retention, %; m 0 is the mass of the sample before burning; m is the mass of the sample after ignition, g. (b) Combustibility was tested based on a marker method in compliance with PN-EN ISO 4589-2:2006 standard, using oxygen index module apparatus by concept equipment. The examination determined the boundary percentile volume of oxygen in a mixture of oxygen and nitrogen, needed for sustaining the burning of the sample in the shape of a 150 9 13 9 13 (mm) bar. The oxygen index is calculated in percentile value using the following equation (Scheme 11): During the examination, normalized samples with 100 9 100 9 6 (mm) dimensions were subjected to heat radiation of 30 kW/m 2 . In addition, the following were marked: time until the burning reaction initiation, thermokinetic parameters, i.e. heat release rate and total heat released, as well as selected toxic and smoke-producing properties. The thermokinetic values were described based on the theory of oxygen use calorimetry, which states that for each 1 g of oxygen used, circa 13.1 kJ of heat is released with ± 5% precision. The examination was conducted for material samples positioned horizontally. The burning reaction was initiated by ignition. After the flame diminished, the examination ended. (d) The burning of foam samples was observed with the help of Vigo System thermal imaging camera and the results were analyzed ( Table 4 ). The burning of all samples was conducted with oxygen index of 26.5% to enable the burning of all foam materials, and the burning process analysis was made on at least three samples from the same material. The thermograms are represented in Fig. 4 . (e) The burning estimations using the horizontal method were done according to the PN-78 C-05012 standard. The method marks the speed of surface flame spreading on a sample with 150 9 50 9 13 (mm) dimensions, placed horizontally and exposed to a flame at one end (propane-butane burner). The speed of surface flame spreading is a speed at which the head of the flame moved on the surface of the examined sample of flammable material. During the examination, the sample foam is placed on a net fixed horizontally and a burner is placed at one side of the foam's end for 60 s. A line is drawn across the 125 mm mark from the side where the burner is placed. The distance which the head of the flame covers and the time for the head to reach the marked line need to be noted. If the foam extinguishes before the flame reaches the marker, then the foam is categorized as self-extinguishing. If the foam keeps burning, an average burning time of the marked distance can be determined or the speed of flame spreading (in mm/s) based on the distance, the head of the flame covers in a specific time.
Heat properties of the foams are determined by examining their softening temperature. The Vicat apparatus is used for temperature measurement. The softening temperature, as the thermal resistance to compression, was marked using cube samples with 20 mm edge, according to the foam rising direction, in compliance with DIN 53424 standard. Foam samples were subjected to compressive load of 24.52 kPa at 50°C temperature for an hour. The softening temperature is the temperature at which the sample was compressed by 2 mm.
Results and discussion
Examination results for polyols (citrates) are represented in Table 3 The parameters represented in Table 3 are necessary for the structural formula of the obtained polyols and preparation of foam recipes. The amount of water in the citrates does not exceed 1% for E15 and E16, that is why the amount of water needed for foaming was equal for both series accordingly to the equivalent (eq.) calculations. Only with the E14, the amount of water for the foam 14.4 and 14.5 was slightly lowered by the amount of water present in E14 polyol. According to the polyols hydroxyl number, their amount in the foam recipes was determined from 0.1 to 0.5 eq. Based on the acid and hydroxyl numbers, the structural formulas of the polyols were determined (Formulas 6-8).
The presented study focuses mostly on foam's burning properties. Butler test (vertical test) is one of the methods used for determining the flammability of 
4).
Horizontal flammability test showed that the foams are self-extinguishing. The burning of the foams is a complicated and multistage process. One of the most objective methods of the assessment of burning is cone calorimetry. It enables the identification of burning properties for the material and the categorization of the phenomena during the burning process. The calorimeter uses Thornton principle, which states that the heat which is released during the burning of organic substances per unit amount of oxygen is a constant value and equals approximately 13.1 kJ/g. Using the measurement of momentary oxygen concentration in the fumes from the calorimeter, the amount of released heat at that moment is calculated per the unit amount of the surface of the examined sample or the unit amount of mass, and registered on a chart over time- Figs. 2, 3, 4 .
The set of selected processing parameters of pyrolysis of rigid polyurethanepolyisocyanurate foams produced using new E14, E15 and E16 polyols are represented in Tables 4, 5, 6 . Based on the examination results conducted in conditions corresponding for stage I fire development, it can be stated that the thermokinetic properties of the foams containing different citrates are similar to each other. The most varied results were reported for the smoke-producing properties for the foam containing 0.3 eq. of E16 compound (Table 5) .
During the conducted burning test, using cone calorimeter method, the THR value was measured, which is the total amount of released heat by burning of the foam. The rate at which the heat is released (HRR) is an important parameter in the 
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14 15 16 Fig . 1 The results of PUR-PIR foam burning examination using Butler technique situation of actual fire. It is attributed to the surface pyrolysis of rigid polyurethane foams. It is considered to be the most critical parameter, determining the materials tendency for self-extinguishing. HRR values represented in Table 4 were determined for the values from the combustion moment until the end of the test. Time, s Time, s The information on the burning mechanism is also provided by the shape of HRR curves, which illustrate the maximum value of heat release rate. It is an extremely important parameter, determining the ability of material's self-extinguishing characteristic during real fire. Figures 2, 3, 4 represent the curves of the heat release rate (HRR) in time for the obtained foams. The HRR curves for rigid PUR-PIR foams modified with E14, E15 and E16 polyols and for the non-modified foam, show the subsequent stages of the burning process. The initial heating of the samples can be observed, then the volatile elements and flammable gas products are released. The burning of the exhausted gases is the cause of increased amount of heat. The shape of the curves suggests that for the reference foam (W) and for the modified foams, the increase in heat release rate (HRR) is rapid in both cases. The flame stabilizes and the burning decreases rather quickly. Modified foams burn reaching higher HRR value than the non-modified foam. The maximum HRR value increases along with the amount of E16 added to the foam (compare E16 and E16.5 foams- Fig. 4) . After reaching the peak, there is a slower decrease in burning for modified foams, due to the elongation of time needed for reaching HRR max . It is clearly visible, that the addition of citrates to the foams affects the increase in average heat release rate HRR av . The time to reach HRR max also extends from 15 s for W foam, to 20 s for the rest.
Based on the examination, it has been determined, that the foams containing E compounds generate more heat than the reference foam W- Table 6 Table 6 . The average MLR of the reference foam was 9.08 g/m 2 s. The average amount of the exhausted CO for all foams was around 0.11-0.12 kg/ kg of the sample ( Table 5 ). The CO max values were reached in 40-80 s time. The addition of selected citrates to the polyol premixes causes the lowering of the maximum emission of the life threatening CO during foam burning (14.1 and 15.3) .
The average amount of emitted CO 2 for all foams was similar and was around 1 kg/kg of the sample ( Table 5 The combustion time for 14 and 15 series foam were the same as for the W foam and equaled 2 s. The modification of the recipe with E16 compound resulted in longer combustion time for series 16 foams-to 3 s. The addition of E14 and E15 did not have any effect on the combustion time prolongation, but it also did not cause its shortening. Such short time is a result of the foam's porous structure. For the obtained foams, the time is already shorter than for foams produced using hydrocarbons for foaming [41] . The extinguishing time for the sample was in the range of 31-50 s. Another important parameter, measured during the tests in cone calorimeter, is the time of reaching maximum total heat release (t to HRR max ). It was 20 s for the examined foam samples containing E polyols, and it was 15 s for the R foam.
The ratio of HRR max value to time in which the maximum is reached (HRR max /t) is used for comparison of the behavior of different materials in flame. The smaller the value of this ratio, the safer the material is considered to be. The ratio of HRR max value to time in which it was reached (Table 6 ) is in the range of 9.14-11.75 k W/ m 2 s. The highest value was reached by the reference foam. The value of the oxygen index (OI) was determined, which is the percentage value of oxygen in the nitrogen mixture, which sustains the burning of the sample (Table 7) . It mainly reflects the degree of flammability of the volatile products of material decomposition. The oxygen index for reference foam is 23.9%. After the modification of PUR-PIR foam with E14, E15 and E16 compounds, similar oxygen index values can be observed in the range of 23.8-24.0%. There was no observable correlation between the oxygen index and the amount of E citrate in the foam. The type of used polyol also did not have any significant effect on the OI value.
Using the oxygen index method, it was confirmed that the presence of the new compound in the PUR-PIR foam does not affect negatively the foam's flammability.
The foam burning process observation was made using thermal imaging camera. Figure 5 represents the thermograms of foams which were the closest to the average values. The temperature layout indicated a rapid course of the foams' burning process. It was observed that the lower part of the flame which has contact with sample's surface does not show a wide range of temperatures. In the upper flame part the temperature range is wider due to the turbulences caused by the rapid transport of the gas mass from the burning sample. Table 8 represents selected values describing the foam burning process. T max is the maximum burning temperature of the sample registered by the thermal imaging camera. T av is the average temperature until the thermographical extinguishing of the sample during burning (the last occurrence of a temperature exceeding 400°C). The reference foam had the highest average temperature during burning (623°C). The addition of larger amounts of the E compound causes the lowering of the T av , e.g. to 592°C (14.3 foam 1 foam) . Also the burning times for foams with E polyols were longer. The highest increase (from 17 s for W foam) was noted for the foams containing E15 compound (up to 26 s for 15.2 foam). The time of burning for 5 cm sample either got shorter after the addition of E citrates, or was equal to the burning time of W foam (9 s). The average surface of the temperature peak until the moment of thermographical extinguishing of the sample was slightly larger for the foams with the E compound, than for the reference foam (40, 323) . The largest average surface was registered for the 14.1 foam (45, 583) .
Thermal properties of the foams were determined by examining their softening temperature using Vicat method. The influence of E polyols on the foam softening temperature was assessed. The examined softening temperature (T s ) decreased with the increased amount of E14, E15 and E16 compounds used in the polyol premixes The ratio of HRR max value to time in which it was reached is in the range of 9.14-11.75 k W/m 2 s. The oxygen index (OI) for reference foam was 23.9%. Similar IO values can be observed for foams with E14, E15 and E16 compounds (in the range of 23.8-24.0%). The research proved, that the modification of polyol premixes in polyurethane foam production allows for obtaining foam materials with parameters similar to materials produced based on an industrial polyol. The use of citric acid for obtaining rigid polyurethane-polyisocyanurate foams may affect the lowering of the raw material price for the production of polyurethanes and the lowering of foam production costs. The savings are directly related to the use of a citric acid, which is cheaper than the carboxyl acids (and mixtures of those acids), vegetable oils or mineral oils (e.g. Castrol) used currently. The second aspect of production costs decrease is the lowering of foam flammability without the need to use expensive flame retardants. 
